Abstract: Historical buildings located in seismic regions have URM (unreinforced masonry) walls of considerable width as their main structure. In order to study the structural response of such type of masonry, it is necessary to know its mechanical and elastic characteristics. For such purpose, it is generally necessary to perform destructive and non-destructive tests. Other procedures, such as the study of masonry through numerical models, would make it possible to predict, with close approximation, the response of masonry to different actions. The purpose of this paper is to evaluate the behavior of URM walls subjected to axial and horizontal load by using a finite element model with the Abaqus code. Constitutive laws of materials, bricks and mortar are defined, using two constitutive models of plasticity and damage included in the materials library. The constitutive models used employ information of experimental tests performed on bricks and mortar. The results of an analysis for an URM wall subjected to axial and horizontal load are presented. Responses of walls were obtained in terms of load versus displacement for different constitutive models and for different qualities of bricks and mortar. The two constitutive models used show similar results, particularly in the response waveforms. However, the ultimate capacity values show mean variations of around 30%. The two constitutive models display high dependence upon the mechanical characteristics of bricks and mortar.
Introduction


Throughout history, the use of masonry as construction material has been a widely used typology even after the appearance of new materials such as reinforced concrete and steel. Therefore, a significant percentage of buildings with heritage value are built exclusively with masonry walls. Those elements, which also perform a structural function, have an important role in the seismic response of the building when subjected to demanding conditions, permanent loads, overload use and seismic actions if they are located in seismic risk regions. Due to this last factor, the study of structural behavior of masonry buildings subjected to seismic action is of special importance.
Additionally, the structural analysis of historical masonry buildings for seismic evaluation is still a challenge owing to a series of factors amongst which the following are to be remarked:
(1) the low tension strength with quasi-fragile failure of masonry, which implies a non-linear behavior from small load intensities;
(2) the great heterogeneity normally present in these buildings, which makes it difficult to assign global mechanical properties to the material model; (3) the heterogeneous character of the material; (4) the non-associated nature of shear failure, owing to the difference between the dilation angle and the internal friction angle of masonry; (5) the planes of weakness commonly represented by joints, which may or may not have well-defined orientations depending on their geometrical arrangement.
Most of the research performed on URM (unreinforced masonry) walls in the area of seismic behavior is based on experimental or numerical analyses [1] [2] [3] [4] [5] [6] . In the field of experimental seismic research, different approaches to tests have been used for URM structures, that is, monotonic tests or quasi-static cyclic tests, dynamic tests on vibration table, and pseudo-dynamic tests. Dynamic tests can simulate seismic action with more accuracy, although the quasi-static cyclic tests make it possible to obtain more accurate measurements of forces and displacements, and the recording of damage evolution becomes simpler [7] . Masonry walls are normally tested in laboratory under constant vertical load, varying the horizontal load [8] . The typical configuration for quasi-static tests was suggested in such a way that the masonry panel is fixed in its bottom part and left loose in its upper part [9] . This testing device, together with cyclic load, provides vital information (failure mode and damage evolution, form of hysteresis cycle, and dissipation of energy) for the evaluation of the seismic response of masonry walls [10] .
A comprehensive analysis of cyclic behavior in the masonry wall-plane under shear was achieved through quasi-static tests on historical buildings' masonry walls [11] . Another study on cyclic behavior in the masonry plane was carried out in 2003 [10] , where brick masonry panels with different types of mortar joints were analyzed.
Masonry is a material that exhibits directionality in its properties due to the fact that mortar joints act as planes of weakness in the material. In general, approximation towards a numeric modeling can be handled with micro-models, which in a detailed and separate manner make a discrete division of bricks and joints. In addition, a macro-model can be applied in which masonry is treated as a heterogeneous material [12] .
Significant advances have been achieved in the field of the strategies of micro-and macro-modeling to identify the response of masonry walls to different actions [13] . Analyses of masonry by using the micro-modeling tool is convenient for small structural elements, with a special interest in the conditions of stress and strain in the panel. In order to represent such behavior, it is necessary to have a good knowledge of each constituent element of masonry and the interaction generated among such elements [14] . The behavior of URM when subjected to seismic actions may be understood by means of a tri-dimensional analysis of masonry panels by using the computational tools of modeling and by describing the elastic and inelastic characteristics of the materials used in the constitutive model [15] .
Some scientific advances are made by the above-mentioned authors and in relation to:
(1) the fact that for the study of URM walls of reduced dimensions, it is convenient to use micro-modeling;
(2) the fact that the structural response depends on the elastic and inelastic properties of materials; (3) the fact that the different plasticity models used to represent masonry behavior numerically lead to varied structural responses. This paper proposes a comprehensive analysis of URM walls in which all the variables mentioned above are contemplated.
The present paper aims at determining the structural response of URM walls through numerical simulation of masonry walls, using micro-modeling to represent the numerical model, and using two different plasticity criteria. To that purpose, it is counted on information about the mechanical behavior of the materials that make up the URM walls, bricks and mortar. As a work tool, commercial Abaqus code [16] is used, which makes it possible to generate a model of finite elements to formulate conclusions about the results of the numerical simulation of the walls.
Plasticity Models
The irreversible deformations resulting from displacement mechanisms or from dislocations at atomic scale, and which therefore lead to permanent dimensional changes, are known as plastic strain. Such deformations occur at stress values above a threshold value known as elastic boundary or yield stress. Within the field of plasticity theory, the fundamental issue consists in the mathematical formulation of the stress-strain relationships suitable for an adequate description of plastic strain, and also in the adoption of an appropriate yield criterion to predict the onset of plastic behavior [17] . The mathematical formulation of stress-strain is done through the use of plasticity models.
DP (Drucker-Prager) Model
Drucker-Prager defines a family of plasticity models The evolution of the yield surface with plastic deformation is described in terms of equivalent stress, which can be one of the following values: yield stress at uniaxial compression, yield stress at uniaxial tension, or yield stress at shear (cohesion).
The surface of yield stress makes use of two invariants, defined as equivalent pressure stress:
where, trace is the trace of the matrix. The Mises equivalent stress is defined through the following expression:
where, S is the stress deviator given by the following expression:
where,  is the stress matrix and p is the equivalent pressure stress.
The linear model uses the third invariant of deviatoric stress: (4) in which r is the determinant of deviatoric stress S.
CDP (Concrete Damaged Plasticity) Model
The model has a good capacity to model concrete and other quasi-brittle materials in all types of structures. It uses concepts of isotropic damage elasticity in combination with isotropic tension and compressive plasticity to represent the inelastic behavior of concrete. The model takes into account the degradation of the elastic stiffness induced by plastic stress both at traction and at compression, and it adequately explains the effects of stiffness recovery under cyclic load.
It is necessary to define the behavior in the material stress-strain plane in uniaxial compression out of the elastic range. The data on compressive stress is shown as a function of inelastic strain, and the stress-strain curve can be defined beyond the ultimate stress, into the strain-softening regime. The data on hardening can be expressed in terms of inelastic strain instead of plastic strain. The compressive inelastic strain is defined as the total strain minus the elastic strain corresponding to the undamaged material [16] .
The Abaqus program automatically converts the inelastic strain values to plastic strain values using the following relationship:
where:
pl c  = plastic strain; ε in = inelastic strain; d c = variable of stiffness degradation; E 0 = initial elasticity modulus; σ c = compressive stress. Effective stress is defined as:
where, el D 0 = the initial (undamaged) elasticity matrix.
The plastic flow potential function and the yield surface make use of two stress invariants of the effective stress tensor, namely the hydrostatic pressure stress (Eq. (7)) and the Mises equivalent effective stress (Eq. (8)):
where, S effective stress deviator is defined as:
Masonry Piles
The URM walls analyzed in this paper have a width of 450 mm. The rest of the geometry is shown in Fig. 1 .
Solid clay brick (290 mm long, 140 mm wide and 70 mm high) is used. Bricks are laid with combined cement and lime mortar with an average thickness of 20 mm.
Finite Element Model
In order to model the masonry wall, solid deformable elements in three dimensions of the C3D8R type were used. The latter is a standard element of Abaqus with eight contact nodes, reduced integration and hourglass control. Interaction elements were used to simulate the contact joints between bricks and mortar. The contacts between surfaces were defined with the "surface-surface" Abaqus option, specifying master surfaces and slave surfaces in which the master surface cannot be penetrated by the slave surface. The interaction between surfaces was defined for longitudinal and transversal behavior. For the former, a behavior of rigid or hard contact was specified; for the latter, a frictional behavior was specified with friction penalty according to the friction coefficient defined. Fig. 2 shows the model of finite elements used. The URM walls analyzed in this project are 450 mm wide, 600 mm long and 580 mm high.
Material Characteristics for Models Used
Two groups of materials with distinctive features for bricks and mortar were defined. The parameters of the first group, designated as "P#1", were obtained from the paper Non-linear Analysis of Walls of Considerable Width through the Application of Surface Interaction in Abaqus [18] . The characteristics of the second group, designated as "P#2", were determined through experimental tests of bricks and mortar.
DP (Drucker-Prager) Model in Abaqus
The mechanical and elastic characteristics in the DP models for the two groups of bricks studied are shown in Tables 1-3 .
Tables 4-6 display the mechanical and elastic characteristics considered in the DP models for the two groups of mortar analyzed.
CDP (Concrete Damaged Plasticity Model) in Abaqus
The two characteristics of brick used in the CDP model are summarized in Tables 7-9 .
The characteristics of mortar used in the CDP model are shown in Tables 10-12.
Hypothesis of Boundary Conditions
Finite elements have restriction at the bottom part of the wall, in coincidence with the simple concrete slab (Fig. 1) , in the three possible displacement directions. Two types of actions were defined. The first one consists (Fig. 3 ).
Results and Discussion
Wall responses were evaluated in terms of horizontal displacement curves versus horizontal forces for each constitutive model, for each vertical stress value and for a constant displacement of 20 mm. Results were obtained for the two types of bricks and mortar mentioned.
Figs. 4 and 5 show the curves for the two constitutive models (DP and CDP) for the vertical stress values defined and for the materials designated as "Properties #1" (P#1). The results shown in Fig. 4 indicate that for the DP model the value of ultimate horizontal load does not correspond to the same horizontal displacement, which is influenced by the increase in vertical load. The ultimate horizontal load varies linearly with the increase in vertical load. Fig. 5 shows the results obtained for the CDP model, which indicate the differences in relation to the DP model. The peak load determined corresponds to the same horizontal displacement for vertical stress values of 0.5 MPa and 0.1 MPa. In addition, the increase of vertical stress leads to non-linear variation of the peak horizontal load. Fig. 6 shows the status of shear stress for the DP model for P#1 materials for a vertical stress value of 1 MPa. Fig. 7 shows the mapping of plastic strain for the DP model for P#1 materials with a vertical stress value of p = 1 MPa. Fig. 8 shows the distribution of shear stress for the CDP model for P#1 materials with a vertical stress value of p = 1 MPa. Fig. 9 illustrates the mapping of plastic strain for the CDP model for P#1 materials with a vertical stress value of p = 1 MPa.
Shear stress shown in Fig. 6 indicates maximum values concentrated over a centered diagonal band, oriented approximately 45° with respect to the horizontal. On the other hand, Fig. 8 shows that the maximum shear stress is not concentrated along a central diagonal band; plastification on the wall develops over a more extended area and not on a localized zone. Fig. 9 shows that plastic strain is present in different zones, which mainly coincide with mortar joints.
Figs. 10-12 compare the response of the two constitutive models (DP-CDP) for P#1 materials.
Figs. [10] [11] [12] show that the CDP model reaches lower force after reaching its maximum value; However, in the CDP model, this occurs only for the vertical stress level of 0.5 MPa. For the rest of the vertical stress applied, the peak horizontal force does not decrease until it reaches the maximum displacement imposed. These differences are attributed to the fact that plastic strain manifests itself in different ways in the two models analyzed. In the CDP model, plastic strain is spread along a larger area than in the DP model. Figs. 13 and 14 show the horizontal force versus horizontal displacement curves for the two constitutive models (DP and CDP), for the vertical stress values defined, and for materials called "Properties #2" (P#2). Fig. 13 shows that for all the vertical stress levels applied, the analysis could not reach the final displacement of 20 mm; by all means, the values found for peak horizontal forces vary linearly with vertical load. Fig. 14 shows that the peak horizontal forces correspond to the same displacement. Fig. 15 shows the distribution of shear stress can be observed for the DP model and P#2 materials with a vertical stress value of p = 1 MPa. Fig. 16 shows the mapping of plastic strain for the DP model and P#2 materials with a vertical stress value of p = 1 MPa. Fig. 17 shows the distribution of shear stress for the CDP model and P#2 materials with a vertical stress value of p = 1 MPa. In Fig. 18 , the mapping of plastic strain is shown for the CDP model and P#2 materials with a vertical stress value of p = 1 MPa. Fig. 15 shows that shear stress occurs in a central area, approximately at 45°, while Fig. 17 shows that shear stress is concentrated over a larger area. Fig. 16 shows that plastic strain is mostly concentrated on mortar joints, whereas Fig. 18 shows that plastic strain is spread on mortar joints and bricks. Figs. 19-21 compare the responses obtained for the two constitutive models used for P#2 materials. Figs. [10] [11] [12] show that for all levels of vertical stress applied, the CDP model leads to a peak horizontal force greater than the DP model. The displacement corresponding to the peak horizontal load is not coincident in any of the cases. Figs. 25-27 show, for the CDP constitutive model, the comparative curves that relate horizontal load with horizontal displacement for a wall 450 mm thick and for a vertical stress of 0.1 MPa, 0.5 MPa and 1 MPa, respectively.
Figs. 22-24 suggest that P#1 material leads to higher peak horizontal load values compared to P#2 material When the results obtained are compared, and taking into account that the features of materials (P#1 and P#2) used in the numerical modeling show differences, it can be concluded that the DP model is greatly dependent on the absolute values of those features. The results found for CDP do not indicate the same, with the exception of a high vertical stress load. The principle expresses that the change in characteristics of the masonry wall constituent materials leads to different responses is not met for the two plasticity models studied in the present work.
Conclusions
The CDP model and P#1 materials show significantly different responses as vertical stress values increase. In addition, there are fewer differences for the wall with P#2 materials. The DP model, for both materials (P#1 and P#2), provides responses in capacities which increase as vertical stress increases.
Even though plasticity models are different, similarities are found in the forms of response curves, with the exception of the results obtained for P#2 materials. The maximum capacity values found in the DP model correspond to P#1 material, while those for the CDP model correspond to P#2 materials.
The DP model and P#1 materials show a distribution of diagonal shear stress about 45° with respect to the horizontal, while the CDP model for the same material indicates a more dispersed distribution of shear stress. Therefore, the 45° diagonal of the CDP model is not so evident. There may be more than one diagonal shear band in the failure mode.
The DP model and P#2 materials show a plastic strain distribution concentrated in the mortar joints, while that in the CDP model for the same material, plastic strain also reaches the bricks. The result obtained highlights the importance of defining more precisely the type of contact between mortar and brick.
The two plasticity models used in order to predict wall responses show differences manifested at yield onset and in the peak values of load capacity. The structural response of URM walls using numerical modeling is strongly dependent upon these two factors:
(1) the type of used plasticity model; (2) the mechanical characteristics of masonry wall materials (bricks, mortar and interface). The choice of numerical model to be used will be experimentally verified in subsequent stages of research. 
